Introduction
Hematopoiesis is orchestrated at the molecular level by the interplay between transcription factors and chromatin-modifying enzymes (reviewed by Rice et al 1 and Kioussis and Georgopoulos 2 ). The importance of the epigenetic regulation in hematopoiesis is highlighted by the findings that chromosomal translocations that alter the activity of chromatin-modifying enzymes are recurrently found associated with different forms of leukemia. One of these chromatin-modifying enzymes, the monocytic leukemia zinc finger (MOZ or recently renamed KAT6a 3 ) protein, was first identified through positional cloning of t(8;16)(p11;p13) translocation with CREB binding protein (CBP) in acute myeloid leukemia (AML). 4 Subsequently, MOZ was found translocated to P300, 5 to transcriptional intermediary binding factor 2 (TIF2), 6, 7 and more recently to NcoA3. 8 It has been proposed that aberrant acetylation by these fusion proteins might participate in the process of leukemogenesis. 4 MOZ encodes a large multidomain protein (224 kDa) that contains, among others, 2 domains shown to interact with the transcription factor Runx1, 9,10 a C4H3 domain also referred to as plant homeodomain, an atypical Cys(2)-His-Cys (C2HC) zinc finger domain with a putative nucleosome-binding activity and a region with homology to the active acetyl-coenzyme A (CoA) binding site of several histone acetyl transferase (HAT) proteins 4 ( Figure S1A , available on the Blood website; see the Supplemental Materials link at the top of the online article). MOZ is the founding member of the MOZ, Ybf2/Sas2, Tip60 (MYST) family of HATs, characterized by the presence of a conserved MYST domain that comprises both the C2HC nucleosome-binding domain and the putative HAT domain. 4 MOZ has been shown to acetylate in vitro specific lysine residues of several proteins, including histones H2A, H3 and H4, Runx1, and MOZ itself. 9, 11 Although the HAT activity of MOZ is now well established, its biologic relevance is still unknown. Analysis of the MOZ-TIF2 leukemic fusion protein has shown that the C2HC nucleosome binding domain is necessary for leukemic transformation, but that, in contrast, the HAT activity seems dispensable. 12 It has also been reported that MOZ can interact with the transcription factor Runx1, a critical protein in hematopoietic development [13] [14] [15] and a gene frequently found translocated in leukemia. 16, 17 Interaction between MOZ and Runx1 leads to an increased activity of Runx1-responsive reporter genes. 9, 18 Although several domains of MOZ were shown to be required for the interaction and activation of Runx1-dependent transcription by MOZ, the HAT domain did not appear to play any role in that function. 9 Two groups have recently assessed the physiologic role of the MOZ protein in vivo by generating mice with distinct targeted alleles of MOZ, both leading to the absence of the complete MOZ protein. Analyses of these mice indicate that MOZ is essential for the development 19 and the maintenance 20 of hematopoietic stem cells (HSCs), and that MOZ deletion results, respectively, in embryonic lethality by midgestation or death at birth. These phenotypes observed in absence of the whole MOZ protein are likely to reflect the cumulative consequences of the loss of both the Runx1 transcriptional coactivator function and the HAT activity. However, the specific importance of the HAT activity of MOZ in hematopoiesis has not been addressed by these previous studies.
To dissect the specific relevance of MOZ-driven acetylation in the regulation of hematopoiesis, we generated a mouse strain carrying a single amino acid change that inactivates the HAT activity of the MOZ protein. In this mouse strain, any phenotype is therefore directly resulting from the lack of HAT activity rather than from the inactivation of any other function that other domains of the protein might perform. In contrast to the complete MOZ knockouts, HAT Ϫ/Ϫ MOZ mice remain alive during all the gestation period, but approximately 40% of the homozygote mice subsequently die within the first 6 months of causes currently under investigation. Importantly, these mice exhibit significant defects in the number of HSCs and committed precursors, suggesting that reduction in HSC number previously reported for the MOZ complete knockout is likely to reflect, at least in part, a direct effect of the lack of MOZ HAT activity. Interestingly, we also observed in these mice a B-cell developmental defect, distinct to the defects observed in the total MOZ knockout. Using the in vitro differentiation of embryonic stem (ES) cells toward hematopoiesis, we demonstrate that the defect is established at the earliest stage of hematopoietic development. The defect in the numbers of hematopoietic precursors is consistently associated with the generation from these precursors of colonies containing fewer cells. Accordingly, culture of CD34 ϩ c-Kit ϩ purified hematopoietic progenitors revealed that HAT Ϫ/Ϫ MOZ hematopoietic precursors did not display defects in differentiation or increased levels of apoptosis, but had a profound deficiency in their proliferative potential. Altogether our study demonstrates a critical role of the HAT activity of MOZ in the proliferation and maintenance of hematopoietic precursors at all stages of development.
Methods

Construction of the MOZ HAT expression vector and purification of the mutated protein
The sequence containing amino acids 507-945 of MOZ (RCPSVIE to SEGVE), corresponding to the complete MYST domain plus some of the acidic domain, was cloned in the bacterial expression vector pQE-32 and fused to a His-tag for purification. The HAT mutation (G657E) was introduced using the QuickChange mutagenesis kit (Stratagene; Agilent Technologies, Cedar Creek, TX). The baculoviral MOZ protein was expressed in pFASTBAC. Purifications of the MOZ proteins were performed on nickel-nitrolotriacetic acid resin. The purified proteins were used in a standard HAT assay. Type IIA histones (Sigma-Aldrich, St Louis, MO; H-9250) were acetylated with tritiated acetyl enzyme CoA (Amersham, Princeton, NJ; TRK688). Assays were incubated for 1 hour at 30°C. Duplicate aliquots were run out on 15% to 20% sodium dodecyl sulfatepolyacrylamide gel electrophoresis gels, and the gels were cut in half. Samples were run in duplicates. As loading control, one set of samples was stained with Coomassie blue, whereas the other half was fixed, dried, and exposed using a tritium screen on a phosphor imager.
Construction of the targeting vector
The regions of the targeting vector homologous to MOZ sequences were isolated from a 129/Ola strain bacterial artificial chromosome (BAC) library (Genome Systems, St Louis, MO). The polymerase chain reaction (PCR) conditions followed for the amplification of the homologous arms are detailed in Perez-Campo et al. 21 
Generation of MOZ HAT ؊/؊ ES cells
Mouse ES cells (E14.1, 129/Ola) were electroporated with the ApaIlinearized targeting vector. Clones that had undergone a homologous recombination event were identified by PCR and confirmed by Southern blot analysis. Of 384 individually selected clones, 3 correctly targeted were identified. Two positive clones were transiently transfected with a Cre recombinase expression vector to excise the Tkneo cassette. TkNeodeficient clones were identified by PCR. The intactness of the targeted locus and the absence of the TkNeo cassette in G418-sensitive clones after Cre-mediated excision were confirmed by Southern blot analysis. The second copy of the gene was targeted, and the TkNeo cassette was removed to generate MOZ HAT Ϫ/Ϫ ES cells.
ES cell growth and differentiation
ES cells were maintained and differentiated, as previously described. 22 Differentiation of embryoid bodies (EBs) was carried out in 60-mm Petri-grade dishes in Iscove modified Dulbecco medium (IMDM) supplemented with 15% fetal calf serum (FCS), 2 mM L-glutamine (Invitrogen, Carlsbad, CA), transferrin (200 g/mL; Roche, Basel, Switzerland), 0.5 mM ascorbic acid (Sigma-Aldrich), and 4.5 ϫ 10 Ϫ4 M monothioglycerol (MTG). Cultures were maintained in a humidified chamber in a 5% CO 2 air mixture at 37°C. Serum-free conditions that sustain the growth of hematopoietic precursors in liquid culture were described by Mikula et al. 23 
Colony assays
Conditions for the generation and expansion of blast cell colonies (blast colony-forming cell [BL-CFC] assay) and for the growth of hematopoietic precursors have been previously described. 15, 24 For expansion of blast cell colonies, individual colonies were transferred to Matrigel-coated (Collaborative Research, San Jose, CA) microtiter wells containing IMDM with 10% FCS, 10% horse serum (Invitrogen), vascular endothelial growth factor (VEGF; 5 ng/mL), insulin-like growth factor 1 (IGF-1; 10 ng/mL), erythropoietin (2 U/mL), basic fibroblast growth factor (10 ng/mL), interleukin (IL)-11 (50 ng/mL), kit ligand (KL; 1% conditioned medium), IL-3 (1% conditioned medium), L-glutamine (1%), and 4. 
Immunohistochemical staining
Aggregates or trypsinized colonies were plated on gelatin-coated coverslips and cultured in IMDM with 10% serum replacement (Invitrogen). Cells were fixed in 2% paraformaldehyde for 20 minutes, washed twice in PBS, permeabilized in 0.2% Triton X-100/PBS, and washed in 10% FCS/0.2% Tween 20/PBS. Cells were incubated for 1 hour with the corresponding antibody.
Animal work
All animal work was performed under regulation governed by the Home Office Legislation under the Animal Scientific Procedures Act 1986, with approval from the Paterson Institute for Cancer Research.
Embryo dissections
Heterozygote mice for the HAT point mutation were mated overnight, and noon of the day of the vaginal plug was defined as 0.5 days postconception (dpc). At 14.5 dpc, the uteri were removed from the peritoneum and washed with several changes of IMDM. Embryos were dissected, and fetal liver was harvested. Single-cell suspensions of tissues were obtained by mechanical disaggregation using a syringe.
Competitive repopulation assays
Experimental conditions for this assay were as published by Langer et al. 25 
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Immunizations and enzyme-linked immunosorbent assay
Preimmune serum was collected 2 days before immunization with 100 g dinitrophenyl (DNP)-keyhole limpet hemocyanin (KLH; BioCat, Heidelberg, Germany) and Alum adjuvant (Pierce, Rockford, IL). Mice were bled at 2 weeks and boosted with 100 g DNP-KLH at 3 weeks, and serum was collected at 4 weeks. Enzyme-linked immunosorbent assay plates were coated with DNP-bovine serum albumin (BioCat), and immunoglobulin (Ig) M and IgG responses against DNP were quantified.
Glucose-6-phosphate-isomerase assay
The contribution of ES cells to chimeric animals was determined by glucose-6-phosphate-isomerase (GPI) assay, performed as originally described, 26 using Helena Laboratories (Beaumont, TX) reagents.
Flow cytometry
Single-cell suspensions were analyzed on a FACScan or a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) or sorted on a FACSVantage cell sorter (BD Biosciences). The antibodies used were as follows: CD3, Gr1, Mac1, B220, and Ter119 (biotinylated); Sca-1 (fluorescein isothiocyanate [FITC] ), c-Kit (allophycocyanin [APC]), and IL7-R (phycoerythrin [PE]) were used for the HSC and common lymphoid progenitor (CLP) analysis; Sca-1, CD3, Gr1, Mac1, B220 and Ter119 (PE), c-Kit (APC), and CD34 (biotinylated) and CD16 (FITC) were used for the common myeloid progenitor (CMP), megakaryocyte-erythroid progenitor (MEP), and GMP analysis. Staining with mAb Flk1-bio, c-Kit-PE, CD34-bio, CD34-APC, and CD45-Bio was performed, as previously described. 22 All the antibodies mentioned above were from BD Pharmingen (San Diego, CA). Annexin/7-aminoactinomycin D staining was performed using the annexin V-PE Apoptosis Detection Kit I (BD Pharmingen) following the manufacturer's instructions. For cell-cycle analysis, cells were stained with 1 g/mL propidium iodide.
Results
Generation of the MOZ HAT ؉/؊ ES cells and mice
To investigate the importance of MOZ HAT activity in hematopoiesis, we introduced by gene targeting a single amino acid substitution (G657E) in the HAT catalytic domain of MOZ (Figure S1B,C). Previous works have shown that an analogous mutation abrogates the HAT activity of human MOZ 12 and inactivates the HAT activity of the MOZ yeast and Drosophila homologues SAS3 (something about silencing protein 3) 27 and MOF (males absent on the first), 28 respectively. The same mutation also inactivates the ability of the mouse MOZ protein to acetylate free histones or nucleosomes, as demonstrated in Figure S2 . Three independent heterozygous HAT ϩ/Ϫ ES cell lines were established upon electroporation of the targeting vector in E14 ES cells. The same process was simultaneously conducted with a nonmutated version of the targeting vector. This control allowed us to assign the phenotype of the resulting mice solely to the presence of the point mutation. Injection of a HAT ϩ/Ϫ ES cell line and the control ES cell line into blastocysts led to the generation of MOZ HAT ϩ/Ϫ and MOZ control mice. For all studies, to minimize the background effects on the analysis of hematopoiesis, all mice used were age-matched littermates backcrossed onto the C57BL/6 background. Two independent homozygote HAT Ϫ/Ϫ cell lines were derived by targeting the second allele of MOZ in HAT ϩ/Ϫ ES cell lines.
Crosses of HAT ϩ/Ϫ heterozygotes produced viable HAT Ϫ/Ϫ offspring, but more than 40% of these homozygote mice died within the first 6 months of causes currently under investigation ( Figure S3 ). The homozygous mice displayed in general low body weight and the size of the hematopoietic organs (thymus and spleen) were reproducibly reduced (Table S1 ). In contrast, no gross abnormalities were detected in HAT ϩ/Ϫ mice (data not shown). The expected MOZ protein product of 224 kDa was detected at similar levels in cell extracts of wild-type (WT), heterozygous, and homozygous embryos by immunoblotting with a monoclonal antibody against MOZ ( Figure S1D ). The resulting HAT Ϫ/Ϫ protein is expected to assemble efficiently into higher order transcriptional complexes, preserving all domains as well as its ability to interact with Runx1 and to stimulate Runx1-mediated transcription. 9, 18 The mutation of the HAT domain affects B-lineage differentiation and hematopoietic stem/progenitor cell frequencies
We analyzed the presence of lymphoid, myeloid, and erythroid cell populations in HAT ϩ/ϩ , HAT ϩ/Ϫ , and HAT Ϫ/Ϫ mice by flow cytometry (Figure 1 and Table S2 ). The frequencies of both pro/pre-B cells (B220 ϩ /IgM Ϫ ) and immature B cells (B220 dim/high / IgM high ) were reproducibly lower in the bone marrow of HAT Ϫ/Ϫ animals than in the bone marrow of WT and heterozygous mice. This lower frequency in immature B cells was also observed in the spleen of the HAT Ϫ/Ϫ animals ( Figure 1 ) and was consistently encountered in all HAT Ϫ/Ϫ mice analyzed at different stages of development ( Figure S4 ). The frequency of mature B cells (B220 ϩ / IgM ϩ ) was, in contrast, not affected. HAT Ϫ/Ϫ MOZ mice did not display any deficiencies in their abilities to raise, after immunization with DNP-KLH, IgM, and IgG antibody responses ( Figure  S5 ), indicating that these mice are indeed not immunocompromised.
In addition, we did not detect any defect in HAT Ϫ/Ϫ mice either in the frequency of thymic CD4 Ϫ /CD8 Ϫ T cells, as described by Thomas et al, 19 or in the number of Ter119 ϩ /CD71 ϩ erythroid cells either in bone marrow or E14.5 fetal liver, as described by Katsumo et al 20 (Figure 1 and Table S2 ). The frequencies of mature myeloid CD45 ϩ /Mac1 ϩ cells were equivalent in the bone marrow of HAT ϩ/ϩ , HAT ϩ/Ϫ , and HAT Ϫ/Ϫ mice. Altogether these findings indicate that mature B, T, erythroid, and myeloid cells are represented at normal levels in HAT Ϫ/Ϫ mice and reveal a specific role for the HAT activity of MOZ in the generation of B-cell subpopulations.
We extended our FACS analyses to more immature hematopoietic compartments and quantified myeloid precursor, lymphoid precursor, and HSC populations in the fetal liver of HAT ϩ/ϩ , HAT ϩ/Ϫ , and HAT Ϫ/Ϫ day 14.5 embryos. A substantial reduction in the frequency of the LSK (Lin Ϫ /Sca-1 ϩ /c-Kit ϩ ) cell population, which includes HSCs, was detected in the fetal liver of HAT Ϫ/Ϫ embryos ( Figure 2 and Table S3 ). This decrease in the HSC population was equivalent to the ones observed in fetal liver of embryos lacking the full MOZ protein. 19, 20 Furthermore, the frequencies of CMPs (Lin Ϫ /Sca-1 Ϫ /c-Kit ϩ /CD34 ϩ /Fc␥RIII/II low ), CLPs (Lin Ϫ /Sca-1 low /IL-7-R␣ ϩ /c-Kit low ), granulocyte-macrophage progenitors (GMPs, Lin Ϫ /Sca-1 Ϫ /c-Kit ϩ /CD34 ϩ /Fc␥RIII/II ϩ ), and MEPs (Lin Ϫ /Sca-1 Ϫ /c-Kit ϩ /CD34 Ϫ /Fc␥RIII/II low ) were also reduced in HAT Ϫ/Ϫ compared with HAT ϩ/ϩ (Figure 2A,B) . We also observed a decrease in the number of cells with the KLSF (Lin Ϫ /Sca-1 Ϫ /c-Kit ϩ /CD34 Ϫ /Fc␥RIII/II ϩ ) phenotype, whereas an increase in the frequency of cells in this subpopulation was detected in one of the complete MOZ knockouts. 20 The HAT ϩ/Ϫ animals displayed in most cases an intermediate phenotype.
Altogether these data indicate that although all subpopulations of hematopoietic precursors are present in the homozygous HAT Ϫ/Ϫ mice, they are consistently represented at lower frequencies than in the WT and heterozygote animals.
The HAT activity of MOZ is essential for maintaining the functionality of HSCs
To directly assess the functional consequences of the inactivation of the HAT activity of MOZ on lineage-committed hematopoietic progenitors, we performed colony-forming cell assays with 14.5 dpc fetal liver cells. HAT Ϫ/Ϫ hematopoietic progenitors were able to give rise to all cell lineages; however, the number of committed progenitors was reduced by approximately half compared with their WT counterparts ( Figure 3A ). In the HAT ϩ/Ϫ heterozygote, an intermediate phenotype was detected with reduction in numbers of both erythroid and mixed lineage precursors, whereas myeloid lineage progenitor levels were not affected. The lower numbers of HAT Ϫ/Ϫ colonies are likely to reflect the lower frequencies of precursor cell populations observed in HAT Ϫ/Ϫ fetal liver ( Figure 2B) . Interestingly, the size of all colonies generated by the HAT Ϫ/Ϫ hematopoietic progenitors was reproducibly reduced ( Figure 3B ).
We next tested the functionality of HAT Ϫ/Ϫ HSCs by competitive repopulation assays. Day 14.5 fetal liver cells from C57BL/6 HAT ϩ/ϩ , HAT ϩ/Ϫ , and HAT Ϫ/Ϫ embryos (expressing the allelic variant CD45.2) were transplanted into F 1 C57BL/6 ϫ PEP3 recipients (expressing both CD45.1 and CD45.2) together with competitor bone marrow cells from PEP3 mice (expressing CD45.1). We measured the ratio of the single-positive CD45.2 ϩ cell population versus the single-positive CD45.1 ϩ population in the peripheral blood of the recipients at 4-week intervals after transplantation. As shown in Figure 3C on the left panel, the repopulation capacity of HAT ϩ/Ϫ and HAT Ϫ/Ϫ fetal liver cells was clearly inferior to that of WT cells. To eliminate the possibility that these results were just reflecting the initial lower frequency of HSCs in heterozygous and homozygous mice, we performed secondary transplantations by injection of bone marrow cells from primary recipients, 12 weeks For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From after their reconstitution, into secondary PEP3 (CD45.1). The defect in the repopulation capacity of HAT Ϫ/Ϫ cells was worsened after the secondary transplantations ( Figure 3C right panel) . These results demonstrate the critical role of the HAT activity of MOZ in the maintenance of the HSC functionality and suggest that the defect in HSCs observed in both complete knockout of MOZ results from the absence of this activity.
The HAT mutation impairs the onset of development of the hematopoietic lineages
The in vitro differentiation of ES cells has been shown to recapitulate early events of hematopoietic development and, as such, to provide a good experimental system to characterize the function of genes during this process. [29] [30] [31] The first blood precursor generated during ES cell differentiation is the blast colony-forming cell (BL-CFC), which gives rise to blast colonies containing progenitors of smooth muscle, endothelial, and hematopoietic lineages, and represents the in vitro equivalent of the hemangioblast. 32, 33 During in vitro differentiation, WT HAT ϩ/ϩ and homozygous HAT Ϫ/Ϫ ES cell lines formed embryoid bodies (EBs) to the same extent, expanded at the same rate, and acquired the expression of Flk-1, the receptor 2 for VEGF 34 with similar kinetics (Figure S6 ), indicating no gross impairment of HAT Ϫ/Ϫ cells. We next evaluated the potential of HAT ϩ/ϩ , HAT ϩ/Ϫ , and HAT Ϫ/Ϫ ES cells to generate blast colonies. We observed, at all time points examined, that HAT Ϫ/Ϫ EB cells generated less than half the number of blast colonies compared with HAT ϩ/ϩ and HAT ϩ/Ϫ cell lines ( Figure 4A ). Two independent HAT Ϫ/Ϫ ES cell lines presented a similar defect, indicating that this phenotype was not restricted to a specific clone (data not shown). Strikingly, blast colonies generated by HAT Ϫ/Ϫ ES cells were reproducibly smaller than those generated by HAT ϩ/ϩ and HAT ϩ/Ϫ ES cells ( Figure 4B ). To evaluate the hematopoietic, smooth muscle, and endothelial potential of these blast colonies, 32 individual colonies from each genotype were picked and expanded in 96-well plates in conditions that support the proliferation of both hematopoietic and endothelial lineages. After 4 days, we scored each well for the presence of adherent smooth muscle/endothelial cells (E) and nonadherent hematopoietic cells (H). The majority of wells seeded with WT and heterozygous colonies contained both adherent vascular/smooth muscle cells and nonadherent hematopoietic cells (H ϩ /E ϩ ; Figure  4C ,D). In contrast, the majority of HAT Ϫ/Ϫ individual blast colonies generated only a layer of vascular/smooth muscle cells with the expansion of hematopoietic cells extremely limited or absent (H Ϫ /E ϩ ). These findings indicate a critical role of the HAT activity of MOZ in the expansion of early hematopoietic precursors from blast colonies.
To further analyze the vascular endothelial/smooth muscle potential of the HAT Ϫ/Ϫ cells, we sorted precursors for these lineages on the basis of Flk-1 expression from day 4, 5, and 6 EBs. There were no statistically significant differences between the number of endothelial colonies generated by the HAT ϩ/ϩ and HAT Ϫ/Ϫ MOZ Flk-1 ϩ precursors ( Figure S7A When Flk-1 ϩ cells were plated on gelatin-coated glass coverslips and allowed to grow for 10 days, similar frequencies of cells stained positively for the endothelial marker CD31 (platelet endothelial cell adhesion molecule) and the smooth muscle marker, smooth muscle actin ( Figure S7B ). Altogether these data indicate that the HAT activity of MOZ is critical for the normal expansion of early hematopoietic precursors, whereas, in contrast, generation and development of vascular and smooth muscle cells are largely unaffected. We next quantitatively assessed hematopoietic development in more differentiated EBs (from day 5 to day 11). EB cells were replated daily in methylcellulose culture conditions that support the growth of myeloid and erythroid lineage precursors. As shown in Figure 5A , the HAT Ϫ/Ϫ cells generated dramatically fewer primitive erythroid (EryP), macrophage (Mac), definitive erythroid (EryD), and mast cell (Mast) colonies than HAT ϩ/ϩ and heterozygous HAT ϩ/Ϫ cells. The defect was strikingly more severe for hematopoietic lineages generated at later time points of differentiation, such as definitive erythrocytes or mast cells, suggesting a progressive defect in the generation of hematopoietic cells. In addition, the hematopoietic colonies generated by HAT Ϫ/Ϫ cells were consistently smaller than their HAT ϩ/ϩ and heterozygous HAT ϩ/Ϫ counterparts ( Figure 5B ). Taken together, these results indicate a critical function of the HAT activity of MOZ at the onset of hematopoietic development.
HAT ؊/؊ hematopoietic progenitors show a defect in proliferation
To assess whether the defect in generation of mature hematopoietic colonies from HAT Ϫ/Ϫ cells was reflecting a decrease in the generation of early hematopoietic progenitors in EBs, we analyzed EBs for the presence of CD34 ϩ c-Kit ϩ cells containing early hematopoietic precursors. 35, 36 At day 6 of differentiation, we observed similar frequencies of CD34 ϩ c-Kit ϩ cells in EBs generated from the 3 types of ES cells ( Figure S8A ). In contrast, by day 7, the percentage of CD34 ϩ /c-Kit ϩ cells was reduced by half in HAT Ϫ/Ϫ EBs relative to their WT and heterozygous counterparts. These results suggest a progressive defect in the generation (amplification) upon time of cell population of early hematopoietic precursors. We then sorted similar number of CD34 ϩ /c-Kit ϩ cells from day 6 HAT ϩ/ϩ and HAT Ϫ/Ϫ EBs and replated them in methylcellulose cultures. HAT Ϫ/Ϫ cells generated dramatically fewer mature hematopoietic colonies than the equivalent cell population sorted from WT EBs ( Figure S8B ). The colonies generated from the mutant ES cells were again reproducibly smaller than their WT counterparts ( Figure S8C ). Altogether these findings indicate a major impairment in the ability of HAT Ϫ/Ϫ MOZ precursors to generate normal frequencies of colonies containing high number of mature hematopoietic cells.
The generation of lower number of colonies containing fewer cells could potentially result either from impaired differentiation, increased rate of cell death, or defects in proliferation. To examine these different possibilities, we sorted CD34 ϩ c-Kit ϩ hematopoietic precursors from WT and mutant EBs and cultured identical number of cells in a serum-free media with cytokines supporting the proliferation and differentiation of hematopoietic precursors. We observed mostly immature cells with a blastic morphology at the earliest time points and more differentiated cells with mostly a typical macrophage morphology at later time points ( Figure 6A) . We scored the morphology of 200 cells per culture at different time points and observed that cells with an immature morphology were persisting longer in the WT culture ( Figure 6B ). This observation was confirmed by flow cytometry analysis, indicating a prolonged persistence of early CD34 ϩ hematopoietic precursors that had not yet acquired CD45 expression (CD45 Ϫ ) in the WT cultures compared with the HAT Ϫ/Ϫ cultures ( Figure 6C ). These data indicate that impaired differentiation is unlikely to account for the lower number of hematopoietic colonies generated by the homozygous HAT Ϫ/Ϫ cells. The cultured cells were also stained at days 2 and 7 for the apoptotic marker annexin V. In both HAT ϩ/ϩ and HAT Ϫ/Ϫ MOZ cultures, a low frequency of apoptotic cells was detected, but this level was not significantly higher in HAT Ϫ/Ϫ cell cultures ( Figure 6D ), excluding the possibility of an increased rate of cell death as the cause of the hematopoietic defect observed with the HAT Ϫ/Ϫ cells. Finally, when the proliferation of the sorted progenitors was examined by scoring the cell numbers at different time points, we observed that cells in the HAT ϩ/ϩ culture expanded steadily, whereas the number of mutant cells barely increased ( Figure 6E) . A similar defect in proliferation was observed in cultures initiated from nonsorted day 14.5 HAT Ϫ/Ϫ fetal liver cells ( Figure 6E) . The difference was, however, less marked in fetal liver cultures, potentially reflecting the presence of a more mixed population of progenitors, and therefore, allowing some compensation. These findings demonstrate that the HAT activity of MOZ is critical for the expansion and proliferation of early hematopoietic precursors. In absence of this HAT activity, immature precursors are able to differentiate and give rise to all lineages, but with a limited amplification, leading to smaller pools of mature hematopoietic cells. In agreement with this conclusion, we observed a higher frequency of cells in G 1 phase in the HAT Ϫ/Ϫ cultures, indicative of cell cycle exit ( Figure 6F ).
Discussion
Although the critical role of the complete MOZ protein in hematopoietic development was recently established, 19, 20 the specific biologic function of the HAT activity of this protein has to date remained elusive. To address this question, we have generated ES cells and mouse lines mutated specifically in the HAT catalytic domain of MOZ. Our study reveals that mice carrying a mutated version of the MOZ protein that is normally expressed, but lacks HAT activity, exhibit important defects in the number of HSCs and committed precursors. The control mouse line containing the LoxP site, but no HAT point mutation, was found to be, in contrast, completely normal (data not shown). The HSCs from these HAT Ϫ/Ϫ MOZ mice also displayed a significant defect in their long-term repopulation potential upon serial transplantation. In addition, we observed a depletion of immature B cells in the HAT Ϫ/Ϫ mice. A mechanism involving changes in acetylation and chromatin decondensation has been recently shown to regulate the expression of 2 genes involved in B-cell differentiation (Crlz1 and IgJ). 37 In a similar way, the defect observed in the MOZ HAT Ϫ/Ϫ could reflect a role of MOZ HAT activity in regulating the specific expression of other genes also implicated in B-cell development by modifying their chromatin accessibility.
We used the in vitro differentiation of ES cells toward hematopoiesis to determine whether the hematopoietic defect was established at the earliest stage of development. We observed with this model an even more dramatic reduction in number of mature hematopoietic cells generated by HAT Ϫ/Ϫ MOZ ES cells than in the embryos or young and adult animals. We interpret the greater amplitude of the defect in hematopoietic cells as a consequence of the absence of homeostasis in this in vitro model system. We took further advantage of this experimental system to access large number of precursors of the correct genotype and to investigate the mechanisms leading to generation of fewer mature hematopoietic cells. Our results indicate that HAT Ϫ/Ϫ MOZ hematopoietic precursors display no substantial defect in differentiation, or increased rate of apoptosis, but a profound deficiency in their proliferative potential. Altogether these findings demonstrate that the HAT activity of MOZ is critical for the expansion and proliferation of early hematopoietic precursors. In its absence, the pools of immature precursors are substantially reduced and these progenitors differentiate without noticeable amplification, leading to the generation of fewer mature hematopoietic cells. 
